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SUMMARY 

A  NASA-sponsored  research  program was  conducted  to  investigate lift fan 
noise  reduction by configuration modifications. An existing lift  fan, the 
1.3-pressure-ratio, 36-inch-diameter LF336/A, was  the test vehicle. Modifica- 
tions  tested  included  three  outlet  stator  vane rows, two rotor-stator  spacings, 
and  addition of acoustic  treatment  and  acoustic exit  louvers. The  tests  were 
conducted at the  General  Electric  Edwards  Flight Test  Center,  using  a  test site 
constructed  specifically  for  acoustic testing. 

For a  lift fan aircraft, noise  radiated  in  the  rear  arc  is  the  most 
important  because of  the  orientatlon  of  the lift  fan  in  the aircraft. Thus, 
noise  comparisons  were  made  using data in that  quadrant. The  tests  showed 
that  increasing  the vane/blade  ratio  from 1.07 to 2.14 reduced the aft quadrant 
sound  power  level (PWL) of  the  fundamental  blade passing  frequency  about 7 dB 
and the  corresponding  second  harmonic PWL about 5 dB. This  reduction  amounted 
to  a  decrease  in  the 150-foot arc  perceived  noise  level (PNL) between  1  and 4 
PNdB. Leaning  the  stator  vane 30° in the  direction  of  rotation reduced the 
aft quadrant  fundamental PUL about 4 dB and  reduced  the  corresponding  second 
harmonic PWL about 5 dB. Selection  of  the  lean  angle  for  this  stator  was 
arbitrary,  and  further  analytical  effort  and  testing  will be  required  to 
optimize  the  selection  of  vane  lean  angle in  future  fan designs. Increasing 
spacing  from 0.15 to  1  chord  significantly  decreased  the  tone  noise  and  broad- 
band noise,  and  resulted  in  a sideline  peak PNL reduction of 5.4 PNdB. 
Increasing  spacing  from  1  chord  to 2 chords  resulted  in an additional PNL re- 
duction of 1.3 PNdB, for  a  total  reduction of 6.7 PNdB. A n  initial  reduction 
of 4 PNdB was  obtained at 0.15 chord  spacing by changing  from 45 vanes  to 90 
leaned vanes. Changing  to 2-chord spacing  reduced  the arc  peak PNL another 
2.5 PNdB; thus,  the  noise increment  due  to spacing  with  a leaned  vane row  was 
less than that  obtained  with  a  radial  vane row. Acoustic  treatment  was  tested 
with 90 leaned  vanes at 2 chord  spacing.  Treatment  was  added to  the  flowpath 
hub and tip  walls and  to an  acoustic  splitter on  the  surface  facing  the  tip 
wall. The  treatment reduced the aft quadrant  peak  fundamental  sound  pressure 
level (SPL) about 4 dB and the  corresponding  fundamental  power  level (PWL) 
about 3.7 dB. The  second  harmonic SPL was  reduced 5 dB and  the  second  harmonic 
PWL was  reduced 4.9 dB. With  the  addition  of  acoustic  treatment  to  louvers 
used  to  vector  the flow, the  peak  fundamental  tone SPL was  reduced 12.5 dB, 
and the aft quadrant  fundamental PYL was  reduced 8.1 dB. The  corresponding 
noise  reduction  was 2 PNdB. Incorporation of all  these  modifications  reduced 
the aft  quadrant  fundamental  and  second  harmonic  power  levels by  19.6 dB  and 
10.7 dB, respectively,  and  reduced the 150-foot arc  peak PNL by  13.5 PNdB. 
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INTRODUCTION 

P o t e n t i a l l y ,   o n e   o f   t h e  most se r ious   p rob lems   f ac ing   comnerc i a l   ve r t i ca l  
takeoff   and  landing (VTOL) a i r c r a f t  is noise .   Al though  no   federa l   regula t ions  
exist a t  t h i s  t i m e ,  n o i s e  limits f o r  VTOL a i r c r a f t   p r o b a b l y  w i l l  be a t   l e a s t  
as s t r i n g e n t   a s   t h o s e   a p p l i e d   t o   c o n v e n t i o n a l   t a k e o f f   a n d   l a n d i n g   a i r c r a f t .  
The n e c e s s i t y   o f   b r i n g i n g   t h e  VTOL a i r c r a f t   i n t o   c i t y   c e n t e r s  may r e q u i r e   t h a t  
even   lower   no ise   l eve ls   be   ob ta ined .   These  low n o i s e  levels w i l l  i n  many 
cases   have   to   be   ob ta ined   wi thout   the   advantage   o f   ex tens ive   use   o f   acous t ic  
t rea tment .  The podded-or  fan-in-wing l i f t   f a n   i n s t a l l a t i o n s  do not   l end  them- 
s e l v e s   t o  large t r e a t m e n t   a r e a s  s i n c e  t h e s e   c o n f i g u r a t i o n s  employ shal low  in-  
lets and little o r  no  exhaust  ducting. The o n l y   a r e a s  which  can be t r e a t e d  
a re   wi th in   the   fan   f rame  and  on t h e   e x i t   l o u v e r s .  The gene ra t ion   o f   no i se  by 
t h e   l i f t   f a n  must ,   therefore ,   be  l imi t ed  by j u d i c i o u s   s e l e c t i o n   o f   t h e   f a n  
cycle   and  geometry  i f  low n o i s e  is t o  be obta ined .  

An e x t e n s i v e   l i f t   f a n   a c o u s t i c   r e s e a r c h  program was conducted  using  the 
LF336 a s   t h e  test v e h i c l e .  The o b j e c t i v e s   o f   t h e s e  tests w e r e :  

To better unde r s t and   t he   sou rces   and   p ropaga t ion   o f   l i f t   f an   no i se  

e To s u b s t a n t i a t e   a n a l y t i c a l   n o i s e   p r e d i c t i o n  methods 

e To e v a l u a t e   n o i s e   r e d u c t i o n   p o t e n t i a l s   f o r   l i f t   f a n s   f o r   c h a n g e s  
i n   s t a t o r   c o n f i g u r a t i o n ,   r o t o r - s t a t o r   s p a c i n g ,  and a c o u s t i c   t r e a t -  
ment s .  

The tests were conducted i n  t h ree   phases :  

e LF336/A Acoust ic  Tests 

e W336/B Modification  and  Acoustic T e s t s  

e LF336/C Modification  and  Acoustic T e s t s  

LF336/A Acoust ic  Tests - The LF336/A is the   des ign   conf igura t ion   which  
has  a r o t o r - s t a t o r   a x i a l   s p a c i n g   o f  0.15 b lade   chord   a t   t he   f an   t i p .   Acous t i c  
measurements were t a k e n  on one  fan  under   Contract  NAS2-4970. 

LF336/B Modif icat ion  and  Acoust ic  Tests - The LF336/B c o n f i g u r a t i o n  is 
t h e  same a s   t h e  LF336/A e x c e p t   t h e   r o t o r - s t a t o r   a x i a l   s p a c i n g  was i n c r e a s e d   t o  
2 c h o r d s   a t   t h e   f a n   t i p .   S p a c i n g   h a r d w a r e  was manufactured  and  acoustic  measure- 
ments were taken  on  one  fan  under   Contract  NAS2-4970. 

The LF336/A and LF336/B tests were conducted  in   January  and  February,  1969. 
T e s t  r e s u l t s   a r e   g i v e n   i n   R e f e r e n c e s ,  1, 2,  and 3.  

1 



LF33G/C Modification  and  Acoustic  Tcsts - The  W336/C  denotes  the  fan  in 
a reduced  noise  configuration,  with  changes  in  vane  geometry  and  spacing,  and 
with  acoustic  treatments.  Hardware  was  manufactured  and 12 tests  were  conducted 
under  Contract NAS2-5462. Testing  began  December, 1969 and  was  completed  in 
July, 1970. Test  data  are  published  in  Reference 4 .  The  basic  areas  of  inves- 
tigation on this  program  were: 

Vane  number 

Split  vane  row 

Vane  lean 

Rotor-stator  spacing 

Acoustic  treatment 

Acoustic  exit  louvers 

2 



LIST OF SYMBOLS 

B 

dB 

Deg 

k 

m 

PNdB 

PNL 

PWL 

RPM 

SPL 

V 

Blade  number 

Decibels 

Degrees 

Zero or any  positive or negative  integer 

Spinning lobe number 

Perceived  noise  level  units 

Perceived  noise  level,  PNdB 

Sound  power  level,  dB re Watts 

Fan rpm 

Sound  pressure  level,  dB  re 0.0002 dynes/cm 

Vane  number 
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MODEL AND APPARATUS 

LF336 L i f t  Fan 

Geometry f e a t u r e s   o f f e r i n g   p o t e n t i a l   n o i s e   r e d u c t i o n  were i n v e s t i g a t e d  
by  making  pract ical   hardware  modif icat ions t o  a n   e x i s t i n g   l i f t   f a n ,   t h e  
LF336/A. Two o f   t h e s e   f a n s  were b u i l t   u n d e r   t h e  LF336/A High  Pressure Ratio 
Lif t   Fan  Program  (Contract  NAS2-4130) f o r   u s e   i n  NASA wind tunne l   i nves t iga -  
t ions .  

The LF336/A is  a s i n g l e s t a g e ,   t u r b o t i p ,   1 . 3 - p r e s s u r e - r a t i o ,  36-inch- 
d i a m e t e r ,   r o t o r - s t a t o r   l i f t   f a n   d r i v e n  b y  t h e   f u l l  flow o f   one   d ry  585-5 
t u r b o j e t   e n g i n e .  A f a n  cross s e c t i o n  is  shown i n   F i g u r e  1. Tab le  I is  a 
f a n   d e s i g n   p o i n t   d e s c r i p t i o n .   T h e r e   a r e  42 b lades ,   w i th  a fundamental   blade 
pass ing   f requency   of   4230  Her tz   a t  100 percent  rpm. There are 45  vanes,   wi th  
a rotor-stator a x i a l   s p a c i n g   o f  0.15 blade  chord.  

S p e c i a l  Hardware 

Hardware  was  manufactured t o  provide   the   fo l lowing   conf igura t ion   changes :  

Three Vane R o w s :  

e S p l i t   v a n e  row w i t h  90 t i p   v a n e s  and  45  hub  vanes 

e 90 vanes 

e 90 vanes   wi th  30° l e a n  

Two Spacings : 

e 1 chord  and 2 chords  

Acoustic  Treatment:  

e Hub and t i p   w a l l s  a n d   a c o u s t i c   s p l i t t e r  

Acoust ic   Exi t   Louvers  

Table  I1 l is ts  t h e  tests, tes t  da t e s ,   and  test conf igu ra t ions .  A 
balanced  program was c o n d u c t e d ,   a s  shown i n   T a b l e  11, t o  i n v e s t i g a t e   t h e  
effects   of   vane  geometry,   vane-to-blade  ra t io ,   vane-blade  spacing,   acoust ic  
t reatment ,  a n d   a c o u s t i c   e x i t   l o u v e r s   o n   l i f t   f a n   n o i s e .  

T e s t   S i t e  

The tests were c o n d u c t e d   a t   t h e   G e n e r a l  Electr ic  Edwards F l i g h t   T e s t  
Center.  The test s i t e  is i n   a n   a r e a   f r e e  of bui ld ings   and   obs t ruc t ions   and  
was c o n s t r u c t e d   s p e c i f i c a l l y   f o r   a c o u s t i c  tests. F igu re  2 shows an  overhead 
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view  of   the  test  site. F i g u r e s  3 and 4 show two ground-level   views  of   the 
test  site. The control room pro t rudes   on ly  2 f e e t  6 inches   above   the   g round.  
The test s t and  is mounted on a conc re t e   su r f ace .  The area su r round ing   t he  
sound f i e l d   c o n s i s t s   o f   d e s e r t   s a n d   a n d   b r u s h .  

F igu res  5 and 6 show t w o  v i e w s   o f   t h e   f a n   i n s t a l l e d  on t h e  test s t and .  
The f a n   b e l l m o u t h   i n l e t  was mounted f l u s h   w i t h  a f l a t  steel p l a t e   t o   s i m u l a t e  
a wing o r  pod upper   sur face .   The   fan  was 10 f e e t   a b o v e   t h e   g r o u n d   w i t h   t h e  
f a n   f l o w   p a r a l l e l   t o   t h e   g r o u n d .  The 585 gas   gene ra to r  w a s  connected t o   t h e  
f a n  by a pan t s - l eg -duc t   a r r angemen t   wh ich   de l ive red   t he   fu l l  585 exhaust  t o  
t h e   f a n   s c r o l l .  A sound  suppressor w a s  mounted to  t h e  585 i n l e t  to  reduce 
e n g i n e   c o m p r e s s o r   n o i s e   f a r   b e l o w   t h e   l i f t   f a n   n o i s e .  

INSTRUMENTATION AND DATA REDUCTION 

Sound F i e l d  

A l l  acoust ic   data   measurements  were made using  Bruel-Kjaer  microphone 
sys t ems .  Model  Numbers 4133  and  4134  microphones were u s e d   f o r   f a r - f i e l d  
measurements,  and Model Number 4136  microphones were used  for  probe  measure- 
ment s .  

Far   Field  Microphones - Figure  7 is a ske tch   o f   t he   f a r   f i e ld   mic rophone  
arrangement.   Seventeen  microphones were i n s t a l l e d   1 0   d e g r e e s   a p a r t   a l o n g  a 
c i r c u l a r  arc. The  microphone arc r a d i u s  was  250 f e e t   f o r   t h e  LF336/A and 
LJ?336/B tests. F o r   t h e  LF336/C tests, t h e  arc r a d i u s  was changed t o  1 5 0   f e e t ,  
and  one  additional  microphone was i n s t a l l e d  a t  a 250-foot   radius  a t  120 
d e g r e e s   f r o m   t h e   f a n   i n l e t .  

Fo r   t he   acous t i c   l ouve r  tes t ,  addi t iona l   microphones  were i n s t a l l e d  a t  
a 150-foot   rad ius  a t  ang le s   g rea t e r   t han  180 degrees  (see F igure  7 )  t o  
m e a s u r e   n o i s e   d i r e c t i v i t y   w i t h   t h e   l o u v e r s   d e f l e c t e d .  A l l  f a r f i e l d  micro- 
phones were i n s t a l l e d   i n  a p lane   which   passed   th rough  the   fan   ax is   and  was 
p a r a l l e l   t o   t h e   g r o u n d .  

Acoust ic   Probes - For a l l  tests, one   f an   i n l e t   p robe   and  one fan   exhaus t  
probe were used. I n  a d d i t i o n ,   f o r   t h e   a c o u s t i c   l o u v e r  tes t ,  a t h i r d   p r o b e  was 
used a t  t he   l ouve r   d i scha rge .   F igu re  8 shows t h e   f a n  i n l e t  and  exhaust  probes 
i n s t a l l e d .  The  open  end  of the   p robe  w a s  immersed i n   t h e   f l o w   p a s s a g e ,   w i t h  
the  microphone mounted o u t s i d e   a t   t h e  end  of  the  probe  tube.  A 40-foot 
length   o f   tub ing  was wound i n t o  a c o i l  and a t t ached  a t  t h e  end  of   the  probe 
mounting  block t o  e l i m i n a t e   r e f l e c t i o n   a n d   s t a n d i n g  waves.  The  probe  assembly 
was d r iven  by a remote-cont ro l led   ac tua tor  t o  t r a n s l a t e   t h e   s e n s i n g   e n d  of t h e  
probe t o  any  desired  immersion  set t ing.  

Acoust ic  Data 

Data Acquis i t ion  - The  output of each  microphone was f e d   t o   a n   a m p l i f i e r  
f o r   a t t e n u a t i o n  or ampl i f i ca t ion .   Th i s   ou tpu t  was then  recorded  on a H e w l i t t -  
Packard Model 3900 FM t ape   r eco rde r   ope ra t ed  a t  30 i nches   o f   t ape  per second 
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w i t h  a system  response  of  0 t o  20,000  Hertz.   Figure 9 .shows a schematic   of  
t he   comple t e  data acqu i s i t i on   sys t em.   F igu res  10 and 11 a r e  t w o  views  of  
t h e   c o n t r o l  room showing the   record ing   equipment   used .  

Data P rocess ing  - A l l  1 /3-oc tave   da ta   p rocess ing  was performed  using a 
high-speed  computerized  data  system  developed by General Electric.  The   bas ic  
components of the   sys tem are a Bruel-Kjaer  1/3 o c t a v e  f i l ter  bank, a high- 
s p e e d   e l e c t r o n i c   s c a n n i n g   s y s t e m   f o r   t h e   f i l t e r s ,   a n   a n a l o g - t o - d i g i t a l  con- 
v e r t e r ,  and  an SDS-920 computer.  Each da ta   channe l  was p r o c e s s e d   f o r  a 
cont inuous  30 s e c o n d s   i n t e g r a t i o n  time t o  o b t a i n   t h e   f o l l o w i n g   a c o u s t i c  
da t a :  

1. O n e t h i r d   o c t a v e  sound   p re s su re   l eve l s   co r rec t ed  t o  sea l e v e l  
s t anda rd   day   cond i t ions  

2. Overa l l   sound   p re s su re   l eve l s   ca l cu la t ed   f rom  the  corrected 
1 /3-oc tave   sound  pressure   l eve ls ,   and   overa l l   sound  pressure  
l e v e l s  a s  o b t a i n e d   d i r e c t l y   f r o m   t h e   t a p e s  

3. D i r e c t i v i t y   i n d i c e s  

4. C a l c u l a t e d   p e r c e i v e d   n o i s e   l e v e l s ,   u s i n g  SAE Aerospace recom- 
mended p r a c t i c e s  

5. Ex t rapo la t ion   o f   t he   1 /3 -oc tave   sound   p re s su re   l eve l s ,   ove ra l l  
sound  pressure   l eve ls ,   and   perce ived   no ise   l eve ls  t o  200- and 
500- foo t   s ide l ines  

6.  One-third-octave  sound power l e v e l s ,   c o r r e c t e d   t o   t h e   s o u r c e  

A l l  narrow-band d a t a  were processed b y  a F e d e r a l   S c i e n t i f i c  UA-6A real 
time ana lyze r .  A 50 -Her t z   cons t an t   bandwid th   f i l t e r  was u s e d   f o r   t h e  LF336/A 
and /B tests,  and a 20-Hertz  constant  bandwidth f i l t e r  was u s e d   f o r   t h e  LF336/C 
tests. For   each  narrow-band  plot ,   256  scans  of   the  ent i re   spectrum were made 
us ing  a cont inuous  12.8-second  integrat ion time. 

Equipment C a l i b r a t i o n s  - The probes were c a l i b r a t e d   i n   t h e   l a b o r a t o r y  
t o  d e t e r m i n e   i n s e r t i o n   l o s s   c h a r a c t e r i s t i c s .   P r i o r  t o  t e s t i n g ,  a f requency 
response  check  of   the  complete   recording s y s t e m  w a s  made by i n s e r t i n g  a con- 
s t a n t   v o l t a g e  a t  v a r i o u s   f r e q u e n c i e s   i n t o   t h e   c a t h o d e  follower of   each   fa r -  
f i e l d  and  probe  microphone  and  recording  the  resul t ing  s ignal   on  the  tape 
r eco rde r .   Th i s   t ape  w a s  u sed   t o   de t e rmine   t he   r eco rd   and   p l ayback   cha rac -  
terist ics f o r   t h e   1 / 3 - o c t a v e   t a b u l a t i o n s   a n d   t h e  narrow-band p l o t s .   T h i s  
s y s t e m   c a l i b r a t i o n  was r e p e a t e d   d u r i n g   t h e  test program. 

B e f o r e   a n d   a f t e r   e a c h   d a y ' s   t e s t i n g ,   a n   a b s o l u t e   l e v e l   c a l i b r a t i o n  was 
conducted. A known n o i s e   l e v e l  was i n s e r t e d   d i r e c t l y  on each  microphone 
us ing  a Bruel-Kjaer   pis tonphone  and  the  output   recorded.  Any microphone 
d e v i a t i n g  more than  ? one   dec ibe l   f rom  the   manufac tu re r ' s   ou tpu t   vo l t age  
s p e c i f i c a t i o n  was rep laced .  
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Cor rec t ions  t o  Acoust ic  Data - Cor rec t ions  made t o  
were: 

1. 

2. 

3. 

4. 

5.  

System record and  playback  f requency  response,  
from t h e  c a l i b r a t i o n s  

Elec t ronic   da ta   p rocess ing   equipment   f requency  

t h e   a c o u s t i c  data 

determined 

response,   determined 
from t h e  computer   da ta   reduct ion  of t h e   c a l i b r a t i o n   t a p e s  

Wind screen   f requency   response .  A Bruel-Kjaer Number 0082  wind 
s c r e e n  was used  on  the  160-degree  microphone t o  r educe   no i se  
l e v e l s   c a u s e d  b y  fan  exhaust  impingement. Where a d d i t i o n a l  
microphones were ins t a l l ed   be tween  190° and  210°,  Bruel-Kjaer 
UA0237 wind s c r e e n s  were used. 

P r o b e   i n s e r t i o n  loss, measured   by   l abora tory   ca l ibra t ions  

Atmospher ic   cor rec t ions   and   ground  a t tenuat ion   cor rec t ions  were 
made u s i n g  SAE Aerospace Recommended P r a c t i c e s .  

A l l  d a t a   p r e s e n t e d   i n  t h i s  r e p o r t   c o n t a i n  these c o r r e c t i o n s   e x c e p t  t h e  
machine-generated  narrow-band  plots.  The  narrow-band  analyzer does not  have 
t h e  c a p a b i l i t y   o f   i n c o r p o r a t i n g  data c o r r e c t i o n s ,   t h e r e f o r e  these p l o t s  are 
I 1  as  recorded”   uncorrec ted  data.  

DISCUSSION OF RESULTS 

The a c o u s t i c  tests r e s u l t s   a r e   d i s c u s s e d   i n  t h e  following  pages.  The 
e f f e c t s   o f   a c o u s t i c   f e a t u r e s  on fan   per formance   a re   d i scussed   in   Appendix  A. 

It  should b e  k e p t   i n  mind t h a t  t h i s  f a n ,  as  s t u d i e d ,  is  a l i f t  fan .  
Thus, i n   f l i g h t  t h e  a r c   l o c a t i o n   n e a r e s t  t h e  observer  is  a t  180° and t h e  
n o i s e   i n   t h a t   p a r t   o f  t h e  arc is most important .  On t h e  o ther   hand ,   wi th  
t h e  a i r c r a f t   o n   t h e   g r o u n d ,   t h e   n o i s e   a t  90’ i s  most important .   Therefore ,  
noise  measurements  in t h e  a f t  quadrant  are  most s i g n i f i c a n t .  

Vane Number 

The base l ine   vane   conf igu ra t ion  was t h e  45-vane s ta tor  o r i g i n a l l y  
d e s i g n e d   f o r   t h e  LF336. The b a s e l i n e   r e s u l t s  were compared t o  those   ob ta ined  
u s i n g  a 90-vane s ta tor .  The  vane rows are shown i n   F i g u r e   1 2 .  

S e v e r a l   i n v e s t i g a t i o n s ‘ ”  ’ ’ ’ ’ and conducted   over   the  l a s t  ten years 
h a v e   i n d i c a t e d   t h a t   n o i s e   r e d u c t i o n s   c a n   b e   o b t a i n e d   b y   m a i n t a i n i n g  a vane-to- 
b l a d e   r a t i o   o f  2 or  g rea t e r .   These   no i se   r educ t ions   have   been  shown t o  r e s u l t  
f rom  decreased   pure   tone   genera t ion   and  from t h e  well-known  cut-off phenomenon. 

The   decreased   tone   no ise   genera t ion  is  a r e s u l t   o f   t h e  decreased e f f i -  
c i ency  of ene rgy   t r ans fe r   be tween   t he   no i se   sou rce   and   t he  modes of  propaga- 
t i o n   w i t h i n  the fan  f lowpath.  I n  theory ,  t he   h ighe r   vane /b l ade  ra t ios  produce 
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s p i n n i n g   l o b e   p a t t e r n s   w h i c h   r e s u l t   i n  less e f f i c i e n t   p r o p a g a t i o n   a n d  gene- 
r a t i o n  of b lade   pass ing   f requency   no ise .   The   lobe  number "m" f o r   t h e  funda- 
menta l   b lade   pass ing   f requency  i s  given by: 

m = B - k V  

where: B = number of  rotor b l ades  

V = number of  s ta tor  vanes 

k = zero or  a n y   p o s i t i v e  o r  n e g a t i v e   i n t e g e r  

The most important  lobe  numbers are t h e  lowest numbers r e s u l t i n g  from 
t h e   a b o v e   e q u a t i o n   f o r   v a r i o u s   v a l u e s   o f  k ,  s i n c e   t h e  lowest numbered spin-  
n i n g   l o b e   p a t t e r n s   c o n t a i n   t h e   l a r g e s t   p a r t   o f   t h e   a c o u s t i c   e n e r g y .   T h e  
f i r s t   f o u r   l o b e  numbers f o r  45  vanes  and  for   90  vanes  are  shown i n   T a b l e  111. 
I t  can   be   seen   tha t   wi th   42   b lades ,   the   45-vane  s t a to r  has  a lowest lobe  
number o f  3,  w h i l e   t h e  90-vane s ta tor  has  a lowes t   lobe  number of  42. 

The cut-off  phenomenon may or  may n o t   b e   o p e r a t i v e   f o r   t h e   l i f t   f a n  
depending   on   the   theory   evoked .   In   Reference  5 ,  an   exhaus t   duc t  is r e q u i r e d  
i n  o r d e r  t o  g e t   a t t e n u a t i o n .  The l i f t   f a n   h a s  n o   d u c t i n g   b e h i n d   t h e   o u t l e t  
g u i d e   v a n e ;   a n d ,   t h e r e f o r e ,   t h e   c u t - o f f  mechanism may no t  commence be fo re  
t h e   a c o u s t i c   e n e r g y  is  p r o p a g a t e d   t o   t h e   f a r   f i e l d .   R e f e r e n c e  8 ,  however, 
proposes  a theory  which  does  not   require  a d u c t   f o r   c u t o f f .   I f   t h i s   t h e o r y  
a p p l i e s ,   t h e   s p i n n i n g  modes i n   t h e   l i f t   f a n  w i l l  decay.  The  theory  of  cut-  
o f f ( 5 )   d e f i n e s   t h e   f i r s t  mode cut-off  speed to  be  670 rpn f o r   t h e   3 - l o b e  
p a t t e r n  and  7590 rpm f o r   t h e  42-lobe  pat tern.   That  i s ,  f o r  a l l  p r a c t i c a l  
f an   speeds ,   t he   45 -vane   conf igu ra t ion  is n o t   c u t   o f f   w h i l e   t h e  90-vane  config- 
u r a t i o n  is a l w a y s  c u t  o f f .  

F i g u r e s  13 through  17 show t h e   e f f e c t   o f   i n c r e a s e d   v a n e  number a t  95 
percent  speed  with  one-chord  spacing.  Figure 13 i n d i c a t e s   t h a t   b o t h   t o n e  
power l e v e l  (FWL) and  peak a r c  sound  pressure   l eve l  (SPL) have   been   s ign i f i -  
can t ly   reduced .   F igure   14  shows t h e   d i r e c t i v i t y  of the  second  harmonic  of 
t h e   b l a d e   p a s s i n g   f r e q u e n c y   f o r   t h e  t w o  configurat ions.   Al though  the  reduc-  
t i o n  i s  no t  as  g r e a t   a s  i t  was fo r   t he   fundamen ta l ,   t he re   has   been  a dec rease  
i n   t h e   a f t  peak  second  harmonic SPL of  3 dB and a sound  power l e v e l  (PWL) 
decrease   o f   5 .2  dB. Figures  15  and  16  are  machine-generated  uncorrected com- 
pa r i sons   o f   na r rowband   (20   Her t z )   spec t r a l   ana lys i s   fo r   t he  two vane rows. 
The blade  passing  frequency  and  second  harmonic  decreases  previously  noted 
are c l e a r l y  ev ident .   There   has   a l so   been  a broadband  noise   decrease.  

F igure   17   shows  the   perce ived   no ise   l eve l  (PNL) around  the  150-foot  
arc. I t  can be s e e n   t h a t  PNL h a s   d e c r e a s e d   a l l   a r o u n d   t h e  arc e x c e p t   i n  
t h e  most fo rward   ang le s .   No i se   r educ t ions   o f   up   t o  4 PNdB were obta ined  
a t   t h e  most rearward   angles .   These   angles  are t h e  m o s t   i m p o r t a n t   t o   l i f t  
f a n   n o i s e ,   s i n c e   n o i s e   g e n e r a t e d   a t   t h e s e   a n g l e s  w i l l  h a v e   t h e   s h o r t e s t  
a c o u s t i c   r a n g e   r e l a t i v e  t o  t h e  ground  plane. 
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s p l i t  Vane Row 

F igure   12  shows t h e  s p l i t   v a n e  row. There are 45 vanes   i n  t h e  hub area 
and  90  vanes i n   t h e   t i p   a r e a .  The  lower  number  of  vanes i n   t h e  hub area 
avoids  t h e  weight   and   per formance   pena l t ies   assoc ia ted  w i t h  compromises t o  
optimum vane shapes and s o l i d i t i e s   u s u a l l y   a s s o c i a t e d  w i t h  many small f u l l -  
span  vanes. It w a s  hoped t h a t  t h i s  s t a t o r  would a c o u s t i c a l l y   r e p r e s e n t  
the f u l l  90-vane s t a t o r ,   b e c a u s e   t h e o r e t i c a l   c a l c u l a t i o n s  and exper imenta l  
work done by General  Electric i n d i c a t e   t h a t  t h e  major   source  of   noise   occurs  
i n   t h e   o u t e r   t h i r d  of the  flowpath.   Furthermore,  when a v a n e / b l a d e   r a t i o  of 
t w o  o r  more is used,  t h e  propagat ing   acous t ic   energy   tends  t o  c o n c e n t r a t e   i n  
radial  modes w i t h  sound  pressure l e v e l  d i s t r i b u t i o n s   t h a t  are h ighly  peaked 
toward t h e  f lowpath   ou ter  wall. 

F igu re  18 shows the  d i s t r i b u t i o n  of the blade passing  f requency SPL 
around t h e  a r c   f o r  t h e  45-,  90-,  and s p l i t  (90/45)  vane rows. A t  a  few 
a n g l e s ,  the 90/45-vane s t a t o r  shows lower n o i s e   t h a n  the 45-vane s t a t o r ;  
however, a t  a l l  a f t  a n g l e s ,  t h e  90-vane stator is s i g n i f i c a n t l y   l o w e r   t h a n  
t h e  90/45-vane s t a t o r  - t h e  d i f f e r e n c e   r a n g i n g  from 1 4  dB a t  120' and 130' 
t o  84 dB a t  140'. The r e s u l t s  for  t h e  SPL of t h e  second  harmonic a r e  shown 
in   F igu re   19 .  Here, t h e  s p l i t - v a n e  row shows h ighe r   no i se   t han  both the 
45- and  90-vane  rows a t   a n g l e s  between  120'  and  150'. F igu res  20 through 22 
show comparisons  of t h e  na r rowband   spec t r a .   In   each   ca se ,  the 90-vane stator 
i s  lowes t   i n  both tone  and  broadband  noise  content.  The 90/45-vane s t a t o r  
a l s o  shows  a tendency t o  produce  high-frequency  noise  between 6 and 8 KHz. 
F igure  23 c o n t a i n s  t he  PNL d i r e c t i v i t y .   I n   g e n e r a l ,   i n  t h e  a f t  quadrant ,  
t h e  45-vane s t a t o r  i s  lower than  t h e  s p l i t - v a n e   s t a t o r .  These test r e s u l t s  
show t h a t ,  a t  least as conf igured  here, t h e  s p l i t - v a n e  row was a poor   acous t ic  
s imula t ion  of a h igh   vane /b l ade   r a t io   des ign .  

Vane  Lean 

A leaned  vane differs from  a convent iona l   vane   in  that  i t  i s  nonradia l .  
Leaned vanes   reduce   no ise   genera t ion  b y  dec reas ing  t h e  s t r e n g t h  of the 
v i scous  wake i n t e r a c t i o n  and by  p h a s i n g   t h a t   i n t e r a c t i o n  so a s   t o   p r o d u c e  
a degree of   phase  cancel la t ion.   Small-scale   experimental   programs  have  been 
conducted   to   de te rmine  t h e  e f fec t   o f   nonradia l   vanes   on   fan-genera ted  
noise" ' . These  experiments were a l l  based   on   in le t   gu ide   vane   ro tor  
i n t e r a c t i o n s ;   a n d ,   t h e r e f o r e ,  their  resul ts  a r e   n o t   d i r e c t l y   a p p l i c a b l e   t o  
t h e  ro to r -ou t l e t   gu ide   vane  l i f t  f an   des ign .   In  t h e  case   o f  t h e  r o t o r  wake - 
OGV i n t e r a c t i o n ,  some c o n s i d e r a t i o n  must be made of t h e  l e a n   d i r e c t i o n   i f  
t h e  most e f f i c i e n t   d e s i g n  is t o  be obtained.  The l ean   ang le  is d e f i n e d   a s  
the angle  between a r a d i a l   l i n e  and the nonradial   vane,   measured  a t  t h e  f a n  
hub. The l ean   ang le  is i n  t h e  d i r e c t i o n  of f a n   r o t a t i o n   i n   o r d e r  to  i n c r e a s e  
t h e  amount  of t he   ae rodynamic   l ean   (nonrad ia l   ro to r  wakes) i n h e r e n t   i n   f a n s  
and  compressors. 

Figure  12 shows t h e  leaned-vane row,  which has  90 vanes a t  30' of l ean .  
F igu re  24  shows the blade pass ing   f requency  SPL f o r  t h e  leaned and unleaned 
90-vane s t a t o r s  a t  95% fan   speed   a t  t h e  2-chord  spacing. The l e a n e d   s t a t o r  
shows s i g n i f i c a n t   r e d u c t i o n  a t  angles   o f  SOo through 130°, w i t h  the peak a f t  
quadrant   sound  pressure   l eve l   d ropping  7 dB. 
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There is, however ,   an  unexplained  increase  in  the f ron t   quadran t .  Th i s  
i s  not  as d e t r i m e n t a l   t o  the l i f t   f a n  as it migh t   be   t o  a t u r b o f a n ,   d u e   t o   t h e  
l i f t   f a n ' s   v e r t i c a l   o r i e n t a t i o n .   F i g u r e s  25 and  26 show the   cor responding  
i n l e t  and exhaus t   acous t ic   p robe   da ta .   F igure  25 i n d i c a t e s   a n   i n c r e a s e   i n  
t h e   i n l e t   r a d i a t e d   n o i s e  as w a s  s e e n   i n   t h e  arc d a t a .  The exhaus t   l eve l ,  
Figure  26,  shows a l a r g e   d e c r e a s e   i n   n o i s e   a l m o s t  a l l  t h e  way a c r o s s   t h e  
span.   Figures  27 th rough   29 ,   r e spec t ive ly ,   con ta in  the arc, i n l e t   p r o b e ,  
and  exhaust  probe  data for the  second  harmonic.  The  trends are t h e  same as 
previously  noted for the fundamental. The a f t   q u a d r a n t  peak no i se   dec reases  
about  8 dB, wh i l e   t he   i n l e t   p robe   (F igu re   28 )  shows no ne t   reduct ion ,   and  t h e  
exhaus t   p robe   (F igure   29)   ind ica tes  a l a r g e   n o i s e   d e c r e a s e .  

Figures  30  and 31 a r e   o v e r l a y s  of t h e  20-Hz, band-pass   f i l t e r   nar rowbands  
a t  l l O o  and  140'. Here, as i n   t h e   c a s e  of t h e  90-vane  versus   45-vane  s ta tor ,  
t h e   t o n e   n o i s e  decrease has  been  accompanied by a broadband  noise   decrease.  
A t  t h e  l l O o  l o c a t i o n ,  a new noise   source   appeared  w i t h  l e a n   a t  1400 Hz. The 
source   o f   t h i s   t one  i s  unknown. 

F igu re  32  shows t h e   r e s u l t a n t  PNL d i r e c t i v i t y .  The PNL is  seen   t o   have  
d e c r e a s e d   i n   t h e   a f t   q u a d r a n t   b u t   i n c r e a s e d   i n  t he  f r o n t   q u a d r a n t .  The a f t  
quadrant  peak r educ t ion  was about 1$ PNdB. Th i s   r educ t ion  was limited by 
t h e   t o n e   a t  1400 Hz.  F igu res  33 through  41 show s i m i l a r   d a t a   a t  80% f a n  
speed.   Figures  33 through 35 i n d i c a t e  some b lade   pass ing   f requency   no ise  
r educ t ion ,   pa r t i cu la r ly   a s   s een   i n   t he   p robe   da t a .   F igu res  36  through  38, 
for the  second  harmonic,  show apprec iab le   r educ t ion   t h roughou t   t he   a f t  
quadrant .   Figures   39 and  40 are narrow-band o v e r l a y s   a t  110'  and  120° a t  
80% speed. Once aga in ,  t h e  decreased  broadband  noise i s  noted.   Figures   41 
and 42 a r e  t h e  PNL d i r e c t i v i t i e s   a t  80% and 5W0 fan  speed.  The r educ t ion  
in   b lade   pass ing   f requency  PWL o c c u r r e d   a t   a l l   f a n   s p e e d s ,   a s  shown i n  
F igure  43. 

Rotor-Stator   Spacing 

It has   long  been  recognized  that  t h e  most d i r e c t  method  of  reducing  fan 
n o i s e  i s  t o   i n c r e a s e  the spacing  between  the moving  and s t a t i o n a r y   b l a d e  rows. 
The i n c r e a s e   i n   s p a c i n g   e f f e c t i v e l y   e l i m i n a t e s   p o t e n t i a l   i n t e r a c t i o n   n o i s e  and 
g r e a t l y   r e d u c e s   v i s c o u s  wake i n t e r a c t i o n s .  The p o t e n t i a l   i n t e r a c t i o n  i s  a 
r e s u l t  of   the   interference  between t h e  p r e s s u r e   f i e l d s   a s s o c i a t e d  w i t h  moving 
and ad jacen t   s t a t iona ry   b l ade   rows .  When s u c h   a n   i n t e r a c t i o n   t a k e s   p l a c e ,  
there a r e   a c t u a l l y  two noise   sources   deve loped .  The r o t o r  p re s su re  f i e l d  
d i s t u r b s   t h e   s t a t o r   p r e s s u r e   f i e l d  making it a source  of   blade  passing  f re-  
quency no i se ,  and t h e  s t a t o r   p r e s s u r e   f i e l d   d i s t u r b s  t h e  r o t o r   p r e s s u r e   f i e l d  
making i t  a  second n o i s e   s o u r c e .   I n   g e n e r a l ,   f o r  a h igh   vane- to-b lade   ra t io  
f an ,   t he   fo rmer  is  g r e a t e r   t h a n   t h e  la t ter .  
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F i g u r e  44 is a p r e s e n t a t i o n   o f  some t y p i c a l   t h e o r e t i c a l   r e s u l t s ' " '  11) . 
The f i g u r e  shows the   magni tude   o f   the  two p o t e n t i a l   i n t e r a c t i o n s  and t h e  
v i scous  wake i n t e r a c t i o n   f o r   i n c r e a s i n g   r o t o r - s t a t o r   s p a c i n g .  I t  can  be 
s e e n   t h a t   t h e   v i s c o u s  wake i n t e r a c t i o n  is not   on ly   dominant ,   bu t   decreases  
a t  a slower rate wi th   i nc reas ing   ro to r - s t a to r   spac ing .  A t  about   one  rotor-  
t i p c h o r d   s p a c i n g ,   t h e   p o t e n t i a l   i n t e r a c t i o n   n o i s e  is e s s e n t i a l l y   z e r o .  
Spac ing   i nc reases   p roduce   s ign i f i can t   no i se   r educ t ion   up   t o   abou t   2 .0   ro to r  
chords .   Fur ther   reduct ion  is p o s s i b l e   w i t h   f u r t h e r   s p a c i n g   i n c r e a s e s  (10) . 2 

however, t h e   r e s u l t s  are seldom j u s t i f i e d   i n  v iew  of   the   overa l l   weight  
p e n a l t i e s .  

I t  has   been shown t h e o r e t i c a l l y ( l l )   t h a t   t h e   e f f e c t   o f   s p a c i n g   o n   b l a d e  
pass ing   f requency   no ise  is d i f f i c u l t   f o r   d i f f e r e n t   a e r o d y n a m i c   d e s i g n s .  To 
e s t a b l i s h   t h e   s p a c i n g - v e r s u s - n o i s e   t r e n d s   f o r   l i f t   f a n s ,  tests were conducted 
a t  spac ings  of 0.15, 1, and 2 chords   u s ing  45 vanes  and 90 vanes. The 0.15- 
chord  spacing is  t y p i c a l  of a convent ional   fan  design  where low n o i s e  is no t  
a n   o b j e c t i v e .  The  1-chord  spacing  represents  a moderate   spacing  design.  The 
widest   spacing  used w a s  two r o t o r   t i p   c h o r d s .  A s  po in t ed   ou t   p rev ious ly ,   t he  
1- a n d   2 - c h o r d   s p a c i n g s   e s s e n t i a l l y   e l i m i n a t e   p o t e n t i a l   i n t e r a c t i o n  as  a pure- 
tone   no ise-genera t ing  mechanism. 

F i g u r e s  45 th rough   48   p re sen t   t he   t h ree  45-vane test r e s u l t s  a t  100% 
speed. I t  can be s e e n   t h a t  there  has  been a s u b s t a n t i a l   d e c r e a s e   i n   n o i s e  
i n  going   f rom  the   0 .15-chord   spac ing   to   the  1- o r  2-chord  spacings.  However, 
the  2-chord  spacing  decreased  the  noise   below  that   measured a t  1 chord  only 
between  70  and 110 d e g r e e s ,   a s   c a n  be s e e n   i n   F i g u r e s  45 and  46. F igu re  47 
i s  a p lo t   o f   b l ade  row spac ing   versus   the   fundamenta l   and   second  harmonic   a f t  
quadrant power l e v e l s   a n d   t h e  maximum 150-foot arc PNL. Each  curve  shows a 
sha rp   d rop  when spac ing  is increased  from 0.15- t o  1-chord  spacing  with a 
dec reased   s lope  from 1- t o  2-chord  spacing. The a r c  PNL, shown i n   F i g u r e   4 8 ,  
shows a l a r g e   d e c r e a s e   i n   g o i n g   f r o m  0.15- t o  1-chord  spacing,  with a r educ t ion  
of peak noise   o f   5 .8  PNdB. The i n c r e a s e   i n   s p a c i n g   t o  2 chords i s  s e e n   t o  
r educe   t he   no i se   an   add i t iona l   0 .6  PNdB f o r  a t o t a l   r e d u c t i o n   d u e   t o   s p a c i n g  
of 6.4 PNdB on the  150-foot  arc. 

F igu res  49 through  53   a re   nar rowband  over lays  of t h e  0.15- and  2-chord 
spac ing   conf igu ra t ions .  A s  no ted   p rev ious ly ,   t he   t one   r educ t ion   has   been  
accompanied by an  appreciable  broadband  decrease.   This  broadband  reduction 
is  v e r y  l a r g e  and is most l i k e l y  d u e   t o   t h e   r e d u c t i o n   i n   t h e   s t r e n g t h   o f   t h e  
random i n l e t   t u r b u l e n c e   t o   t h e   s t a t o r .  The random t u r b u l e n c e   i n   t h e   r o t o r  
wakes   imp ing ing   on   t he   s t a to r   r e su l t s   i n  a random l i f t   f l u c t u a t i o n  which i n  
t u r n   m a n i f e s t s   i t s e l f   i n   b r o a d b a n d   n o i s e " )  . The i n i t i a l   i n c r e a s e   i n   s p a c i n g  
most   p robably   g ives   th i s  random tu rbu lence  a c h a n c e   t o   d i s s i p a t e   t o   s u c h  a 
poin t   tha t   o ther   sources   o f   b roadband  no ise   a re   dominant .  

F igures   54   th rough  59  show some r e s u l t s  f rom  spac ing   va r i a t ions   u s ing  
90 leaned   vanes .   F igure   54  shows  no c o n s i s t e n t   t r e n d   f o r   n o i s e  a t  t h e   b l a d e  
passing  f requency;   however ,   comparison  with  radial   vanes i n  F igu re  45  shows 
the   fundamenta l  t o  be  reduced 6 dB a t   t h e  0.15-chord  spacing. Also, F igu re  55 
for   the   second  harmonic  shows t h e  2-chord  spacing  to  h a v e  produced a s i g n i f i -  
c a n t   n o i s e   r e d u c t i o n   o v e r   t h e  0.15- and  1-chord  spacing. 
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Figures   56  through 58 are narrowband  comparisons  of   the  three  spacings.  
The  second  harmonic  reduction is c l ea r ly   s een .   In   add i t ion ,   t he   b roadband  
noise   has   been  reduced.   This   broadband  reduct ion i s  a l s o   s e e n   w h e r e   t h e r e  is 
no apprec iab le   b lade   pass ing   f requency  tone r educ t ion .  

F igu re   59  is t h e   r e s u l t i n g   1 5 0 - f o o t  arc PNL. With  leaned  vanes,  2-chord 
spacing  reduced PNL by  2.5 PNdB, as compared wi th   6 .7  PNdB f o r  45 r a d i a l   v a n e s ;  
b u t ,   t h e  PNL with  2-chord  spacing was a b o u t   t h e  same. Thus,   the   change i n  
vane number and   the   addi t ion   o f   l ean   reduced  noise about 4 PNdB a t  t h e  0.15- 
chord  spacing.  

Wi thout   l ean ,   increas ing   spac ing   f rom  0 .15   to  1 c h o r d   r e s u l t e d   i n   s i g n i -  
f i c a n t   n o i s e   r e d u c t i o n .  With  and  without lean ,  i nc reas ing   spac ing  from 1 t o  
2 chords  reduced  noise ,  but   not  as d rama t i ca l ly .  

Acoustic  Treatment 

Treatment   of   the   fan  f lowpath hub and t i p  wal l s ,  shown i n  F igure   60 ,  
consis ted  of   s ingle-degree-of-freedom  resonators  made of  &"-thick honeycomb 
having 4" cells.  The f a c e  plates  were 0 ,030"   t h i ck ,   pe r fo ra t ed   w i th  0.0625"- 
d i ame te r   ho le s   t o   g ive  a 10% poros i ty .   (Po ros i ty  is t h e   r a t i o  of t o t a l   h o l e  
area t o   t h e  area of   an   unper fora ted   shee t . )  

The a c o u s t i c   s p l i t t e r   ( F i g u r e   6 1 )  had  two-degree-of-freedom  resonators 
0 .3"   thick,   covered by f a c e   p l a t e s   w i t h   t h e  same h o l e   s i z e   a n d   p o r o s i t y  as  
used  on  the  f lowpath  wal l   t reatment .  The s p l i t t e r  was t r e a t e d   o n   o n e   s i d e  
on ly ,  on t h e   s u r f a c e   f a c i n g   t h e   t i p  wall. The f lowpath walls could  not  be 
opened  up  enough t o  u s e  a t h i c k e r  sp l i t t e r  t r e a t e d   o n   b o t h   s i d e s ,   a l t h o u g h  
t h i s  would  have  been  preferred.   Figure  62 shows the   f an   du r ing   a s sembly ,  
w i t h   t h e  wall treatment and s p l i t t e r   i n s t a l l e d .  Removable s o l i d   c o v e r s  were 
made f o r   t h e   w a l l s  and s p l i t t e r ,  so tha t   t he   2 -chord   spac ing   conf igu ra t ion  
could be run   w i th   o r   w i thou t   t r ea tmen t .  

Figures  63  and 64 are   compar isons   be tween  t rea ted  and un t r ea t ed  flow- 
pa ths   fo r   t he   b l ade   pas s ing   f r equency  and the  second  harmonic.  A s  might be 
expec ted ,   t he   a f t   quadran t   no i se   has   dec reased .   The re  a re  a l s o  some dec reases  
i n   t h e   e x t r e m e   ( l e s s   t h a n  40') f ront   quadrant   angles .   These   no ise   reduct ions  
can be seen i n   t h e   p r o b e   d a t a   i n   F i g u r e s  65 through 68. I n   p a r t i c u l a r ,  i t  
should be n o t e d   t h a t   t h e r e  i s  an   i n l e t   no i se   r educ t ion   even   t hough   t he  
t rea tment  is a l l  a f t  of t h e   r o t o r .  I t  may, t h e r e f o r e ,  be   specula ted   tha t  
some of   the   tone   energy  is be ing   rad ia ted   forward   f rom  the   s ta tor   and   passes  
ove r   t he   t r ea tmen t   wh i l e   t r ave l ing   i n   t he   ups t r eam  d i r ec t ion .   F igu res   66  
and  68 show t h a t   t h e  most s ign i f i can t   exhaus t   suppres s ion   has   occu r red   ou t -  
b o a r d   o f   t h e   s p l i t t e r .   T h i s  is t o  be expec ted ,   s ince   t he  r e l a t i v e l y  small 
d is tance   be tween  the  two t r e a t e d   s u r f a c e s   ( s p l i t t e r   a n d   t i p  wa l l )  makes an  
e f f i c i e n t   t r a p   f o r   a c o u s t i c   e n e r g y .  

F igu re  69 shows the   150- foo t   a r c  PNL. I t  c a n  be   seen   tha t   no t   on ly  
has   t he   a f t   quadran t   no i se   dec reased   bu t   an   apprec i ab le   f ron t   quadran t  
r educ t ion  i s  observed as  well. The  peak PNL has  been  reduced  about 4 PNdB. 
Some i n s i g h t   i n t o   t h e s e   r e d u c t i o n s   c a n  be ob ta ined   f rom  the   na r rowband   f i l t e r  
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comparisons  of   Figures   70  through 73. Each of  the a n g l e s  shown i n d i c a t e s  a 
cons iderable   b roadband  no ise   decrease .  Of p a r t i c u l a r   i n t e r e s t  are Figures   72 
and  73  for   160°  and  60°,   respect ively.  A t  these  angles ,   even  though there 
has  been  no  blade  passing  f requency  reduct ion,  t h e  broadband  noise   decrease 
has r e s u l t e d   i n   t h e  PNL r e d u c t i o n s  shown i n   F i g u r e  69. 

F i g u r e s  74 through  79 show d a t a   f o r  t h e  t r ea t ed   apd   un t r ea t ed   conf igu -  
r a t i o n s  a t  80% fan   speed .   The   spec t r a l   de t a i l s   (F igu res   72   t h rough   79 )  show 
characterist ics similar t o  those   observed  a t  95% speed.  The maximum arc PNL 
has been  reduced  about  2.8 PNdB as seen i n   F i g u r e  76. 

Although i n  some i n s t a n c e s   t h e   a c o u s t i c   t r e a t m e n t   d i d   n o t   r e d u c e   t h e  
b l ade   pas s ing   f r equency   t ones ,   cons ide rab le   no i se   r educ t ion   d id   r e su l t ,   ve r i -  
f y i n g   t h a t   t r e a t e d  walls p l u s   s p l i t t e r ( s )  w i l l  p r o v i d e   e f f e c t i v e   n o i s e  
r educ t ion  i n  l i f t   f a n s .  The  amount  of  treatment  and t h e  treatment  geometry 
u s e d   i n  these W336 tests were limited t o   p r a c t i c a l   m o d i f i c a t i o n s   o f   e x i s t i n g  
hardware. A f an   des ign   i nco rpora t ing   acous t i c   t r ea tmen t   f rom the start could 
n o t   o n l y   h a v e   a d d i t i o n a l   s p l i t t e r s   b u t   c o u l d   h a v e   t r e a t m e n t   t u n e d   t o  t h e  most 
e f f e c t i v e  maximum suppression  f requency.  

Acoust ic   Exi t   Louvers  

L i f t - f a n - p o w e r e d   a i r c r a f t   u t i l i z e   l o u v e r s   a t  t h e  e x i t   o f  t h e  f a n   t o  
o b t a i n  t h r u s t  v e c t o r i n g   f o r   t r a n s i t i o n   b e t w e e n   v e r t i c a l   a n d   h o r i z o n t a l   f l i g h t .  
The p o s i t i o n  of these l o u v e r s ,   d i r e c t l y   a c r o s s  the exhaust  stream, makes  them 
i d e a l . l y   s u i t e d   f o r   i n c l u s i o n   i n  t h e  f an   suppres so r  sys t em.  

The a c o u s t i c a l l y - t r e a t e d   l o u v e r s   a r e  shown i n   F i g u r e  80. The louver  
c a s c a d e   c o n s i s t e d   o f   e i g h t   a i r f o i l s ,  each 0.58" t h i c k  wi th  a 7.9"  chord. The 
a i r f o i l s  were t r e a t e d   o n   b o t h   s i d e s  w i t h  2-degree-of-freedom  resonators.  The 
louve r s  were t e s t e d  w i t h  and  without  end plates.  The  end p l a t e s  were steel 
p l a t e s   a t t a c h e d  to  t h e  octagonal   louver   f rame shown i n   F i g u r e   8 0 ,   t o   e n c l o s e  
t h e  f a n   d i s c h a r g e   w i t h i n  t h e  acous t ic   louver   cascade .  The  end p l a t e s  were 
p rov ided   t o   de t e rmine   i f   any   apprec i ab le   acous t i c   ene rgy   r ad ia t ed  from t h e  
open  ends of t h e  louver   cascade.  

The tests were run   u s ing  t h e  90-leaned-vane  stator  at   two-chord  spacing 
wi th  wall and s p l i t t e r   a c o u s t i c   t r e a t m e n t .   T h u s ,  these r e s u l t s   r e p r e s e n t   t h e  
lowes t   no ise  levels measured  during the tes t  program. F igu res  81 through  86 
present  some r e s u l t s  of t h e  louver  tests without  end  plates.   The  fundamental  
and  second  harmonic  levels shown i n   F i g u r e s  81 and   82   for  95% fan  speed are 
r a t h e r   d i s a p p o i n t i n g .  The d a t a   w i t h   l o u v e r s  show no  improvement,  and  even 
show i n c r e a s e s   i n  many o f   t he  rear angles .  The a f t  quadrant  PWL's of each 
tone  a lso i n d i c a t e  a s l i g h t   i n c r e a s e .  The 80% f a n   s p e e d   d a t a   i n   F i g u r e s  83 
through  86,  however, show much more f a v o r a b l e   r e s u l t s ,   F i g u r e s  83 and  84 
f o r   t h e   p u r e   t o n e s  show reduc t ions  a t  a l l  a f t   q u a d r a n t   a n g l e s ,   w i t h  a p a r t i -  
c u l a r l y   l a r g e   d e c r e a s e   i n  t h e  fundamenta l .   The   resu l t ing  PNL d i s t r i b u t i o n  
is shown i n   F i g u r e  85. The maximum-arc PNL has decreased 2 PNdB. The narrow- 
band  comparison i n   F i g u r e  86 shows the s p e c t r a l   d e t a i l s  a t  110'. Although 
the  second  harmonic has not   been   apprec iab ly   reduced ,   there   has   been  some 
high  f requency  broadband  noise   reduct ion.  The r e a s o n   f o r   t h e   l e s s - t h a n -  

13 



d e s i r a b l e   r e s u l t s  a t  95% fan  speed is  p robab ly   twofo ld .   F i r s t ,  a t  h igh  power 
s e t t i n g s ,   t h e  Mach number o f   t he   f l ow  ove r   t he   l ouve r s  is  q u i t e   h i g h ,   o f   t h e  
order  of  0.7.   High Mach numbers are known ' to   r educe   t he   e f f ec t iveness   o f  
r e s o n a t o r  t rea tment .  Second ,   t he   l ouve r s   t end   t o   backpres su re   t he   f an  
s l i g h t l y  a t  h igh  power s e t t i n g s ,   w h i c h   i n   t u r n  may i n c r e a s e   t h e   n o i s e   g e n e  
r a t ed   due   t o   t he   h ighe r   ae rodynamic   l oad ing .  A t  8% fan  speed,  however,  
bo th   o f   these  phenomena are reduced  in  importance.   The  reduced  treatment 
e f f ec t iveness   can   be   l a rge ly   ove rcome  by r e d e s i g n i n g   t h e  treatment f o r   t h e s e  
h igh  Mach numbers;  however, t h i s  may requi re   compromises   in   t rea tment   des ign .  

Figures   87  through  91  present  a comparison  of  data a t  80% fan  speed 
t aken   w i th  and  without  end  plates.   The  fundamental   blade  passing  frequency 
tone   has ,   i n   gene ra l ,   i nc reased   w i th   t he   add i t ion  of  end p l a t e s   w h i l e   t h e  
second  harmonic  level shows only  small changes .   The   resu l t ing  PNL (Figure  89)  
i n d i c a t e s   a l m o s t  no d i f f e r e n c e   i n   t h e   a f t   q u a d r a n t   w i t h   o r   w i t h o u t   t h e  end 
plates .  The  narrowband  comparisons of Figures  90  and  91 show tha t   even   though 
the   b l ade   pas s ing   f r equency   t one   has   i nc reased   w i th   end   p l a t e s ,   t he re   has   been  
a reduct ion   in   b roadband  no ise  a t  frequencies  above  and  below  the  fundamental  
up   to   the   second  harmonic .   The   h igh   f requency   no ise   increase   wi th   end   p la tes  
does  not   have a s i g n i f i c a n t   e f f e c t  on PNL due  t o  l o w  annoyance  weighting a t  
t hese   f r equenc ie s .  

F igu res   92   t h rough   96   con ta in   da t a   w i th   t he   l ouve r s  set  a t  0' (no t   t u rn ing  
the  f low)  and a t  a 30' vec to r   ang le .   Fo r   t hese  tests, addi t iona l   microphones  
were placed beyond the  normal 160' af t   quadrant   angle .   These  microphones were 
loca ted  a t  170°,  190°, 200°, and 210' w i t h   r e s p e c t   t o   t h e   f a n   i n l e t   a x i s ,   i n  
o r d e r   t o   g a i n   i n f o r m a t i o n  on t h e   a c o u s t i c   d i r e c t i v i t y  asymmetry caused by t h e  
vec to red   l ouve r s .   F igu res   92   t h rough   94   c l ea r ly  show f o r   t h e   f u n d a m e n t a l ,  
second  harmonic,   and  arc PNL, t h e   d i r e c t i v i t y   s h i f t  a t  80% f a n  rpn when t h e  
louve r s  are turned 30'. S i m i l a r   e f f e c t s  were observed a t  h igher   fan   speeds .  
The  peak  fundamental  and  second  harmonic leve ls  are i n   t h e   f r o n t   q u a d r a n t ,  
a l t hough   t he   vec to red   conf igu ra t ion  shows a h i g h e r   l e v e l .  The minimum i n   t h e  
d i r e c t i v i t y  i s  a t  150°,  30' from the   unvec tored  jet  a x i s .  The t o n e   l e v e l   a l s o  
i n c r e a s e d   i n   t h e   i n l e t   q u a d r a n t  when t h e  l ouve r s  were d e f l e c t e d .  The a r c  PNL 
in   F igure   94  shows t h e  same t r e n d s  as s e e n   f o r  t h e  tones.  However, t h e  PNL 
a t  200' has   increased   wi th   the   vec tored   louvers   to   the   po in t   where  i t  e q u a l s  
the   peak  a t  70'. F igu res  95  and  96 are t h e   s p e c t r a l   d e t a i l s  a t  190' and 200'. 
A t  b o t h   a n g l e s   t h e   n o i s e   l e v e l   h a s   i n c r e a s e d  a t  a l l   f r e q u e n c i e s .   F u r t h e r  
i n v e s t i g a t i o n  w i l l  b e   n e c e s s a r y   t o   f i n d   t h e   c a u s e   o f   t h i s  phenomenon. 

I n  summary, t he   l ouve r s   have   r educed   no i se   a t  80% fan  speed  but  w i l l  
r e q u i r e   c a r e f u l   d e s i g n  t o  make them e f f e c t i v e  a t  high  fan  speeds  and  high 
flow Mach numbers. 

Some Overall  Comparisons 

The test program  on  the  W336 l i f t   f a n  began  with a convent iona l ly-  
des igned   s ing le-s tage   fan   and   proceeded   th rough  var ious   p rac t ica l   des ign  
m o d i f i c a t i o n s   w i t h   t h e   p r i m a r y   i n t e n t i o n   o f   r e d u c i n g   n o i s e   w h i l e   m a i n t a i n i n g  
aerodynamic  and  mechanical  performance.  Figures  97  through  104 show some of 
t h e   n o i s e   r e d u c t i o n s   o b t a i n e d .  
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A t  95% fan  speed,   Figures   97  through  100 show, r e s p e c t i v e l y ,  the funda- 
mental ,   second  harmonic,   arc PNL, and 200- foo t   s ide l ine  PNL r e d u c t i o n s   f o r  
90 leaned  vanes a t  0.15-chord  spacing  and a t  2-chord  spacing  with frame 
treatment .   The  af t   quadrant   fundamental  power has  been  reduced 11.8 dB, 
while   the  second  harmonic power is down 13.0 dB. The  peak PNL on the   200-foot  
s i d e l i n e  i s  down 8 PNdB. I t  i s  a l s o   i n t e r e s t i n g   t o   n o t e   t h a t  a t  0.15-chord 
s p a c i n g ,   t h e   c h a n g e   i n   t h e   d e s i g n   o f   t h e   s t a t o r  from 45 r a d i a l   v a n e s  t o  90 
l eaned   vanes   has   r e su l t ed   i n  a  4 PNdB peak s i d e l i n e   n o i s e   r e d u c t i o n .  

F i g u r e s  101 through  104 show t h e   n o i s e   r e d u c t i o n s   f o r   t h e   f a n  a t  8% 
rpm with  90  leaned  vanes,   two-chord  spacing,   with  f rame  acoust ic   t reatment ,  
and a c o u s t i c a l l y - t r e a t e d   l o u v e r s .  The fundamental  and  second  harmonic a f t  
quadrant  power levels  have  decreased  19.6  and  10.7 dB, r e s p e c t i v e l y .  The 
a r c  peak PNL r e d u c t i o n  w a s  13.5 PNdB, and the   200- foo t   s ide l ine   r educ t ion  
was  11.5 PNdB. 

Comparisons With  P r e d i c t i o n s  

P r i o r   t o   t h e   c o n d u c t  of t h e  tests, estimates of t h e  r e d u c t i o n s   i n   t h e  
500- foo t   s ide l ine  maximum PNL were   ca l cu la t ed   fo r  some of t h e  c o n f i g u r a t i o n s  
t o  b e   t e s t e d .   E x i s t i n g   a n a l y t i c a l   t e c h n i q u e s  ‘were used t o   c a l c u l a t e  esti- 
mated e f f e c t s  of  spacing,  vane  number,   acoustic  treatment,  and a c o u s t i c  
louvers .  No a n a l y t i c a l   t e c h n i q u e s   f o r   v a n e   l e a n   a c o u s t i c   c a l c u l a t i o n s  were 
a v a i l a b l e   a t   t h a t  time. 

Spacing - F i g u r e  105  shows t h e  p r e d i c t i o n   a n d   r e s u l t a n t   d a t a   f o r  t h e  
45-vane c o n f i g u r a t i o n   a t  three spac ings .   In   gene ra l ,  t h e  comparison is  good. 
The d a t a   s c a t t e r   a t   0 . 1 5 - c h o r d   s p a c i n g  is t y p i c a l  of s c a t t e r   o f   t o n e   c o n t r o l l e d  
s p e c t r a .  

Vane Number - Changing  from 45 vanes  to  90  vanes  lowered t h e  150-foot 
a r c  PNL between 1 and  4 PNdB f o r   a l l  b u t  t h e  most  forward  angles  (Figure  17).  
E x t r a p o l a t i n g  these resu l t s  t o  t h e  500- foo t   s ide l ine ,  t h e  peak PNL reduc t ion  
was about 1 PNdB compared t o  a pred ic ted   reduct ion   of   1 .9  PNdB. 

Treatment - The a d d i t i o n  of acoust ic   t reatment   lowered t h e  150-foot   a rc  
peak PNL about 4 PNdB ( F i g u r e   6 9 ) .   E x t r a p o l a t i n g   t h e s e   r e s u l t s  t o  t h e  500- 
f o o t   s i d e l i n e ,  t h e  peak PNL was reduced 2 .8  PNdB compared t o  a p red ic t ed   va lue  
of 4.5 PNdB. 

Treated  Louvers - Acous t i ca l ly - t r ea t ed   ex i t   l ouve r s   r educed   t he   l bo - foo t  
a r c  PNL a s  shown i n  Figure 85 .   Ex t r apo la t ing   t hese  results t o  the  500-foot 
s i d e l i n e ,   t h e  peak PNL was reduced  about 2 PNdB compared t o  a p red ic t ed   va lue  
of  2.3 PNdB. 

S i d e l i n e   E x t r a p o l a t i o n s  

Table  I V  shows t h e  p ro jec t ed  500-  and 1000- foo t   s ide l ine  maximum PNL 
f o r   f o u r  of t h e   c o n f i g u r a t i o n s   t e s t e d .   T h e s e   e x t r a p o l a t i o n s  are based on 
sphe r i ca l   d ive rgence  and s tandard  day a i r  a t t e n u a t i o n  . (12) 
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I n  the LF336/C tests, t h e  f a n  was  mounted  on a ground  pad wi th  the  f a n  
a x i s   p a r a l l e l  t o  the ground.  In  Figure  106, t h e  f a n  is cons idered  mounted 
i n  a wing  of a v e r t i c a l l y - r i s i n g  V m L  a i r c r a f t .  The 150"arc  data  from the  
90  leaned,  two-chord  spacing,  treated  frame test were e x t r a p o l a t e d   u s i n g  
sphe r i ca l   d ive rgence  and a i r   a t t e n u a t i o n   c o r r e c t i o n s   ( n o  ground  plane  attenu- 
a t i o n  was inc luded) .  From these e x t r a p o l a t i o n s ,   t h e  PNL v e r s u s  a l t i t u d e  
curves   o f   F igures  107 and  108 f o r  80% and  95% fan  speed were ob ta ined .  

The s a l i e n t  feature of these f i g u r e s  i s  t h e  po in t  of maximum PNL a t   e a c h  
s i d e l i n e   d i s t a n c e .   I n   F i g u r e   1 0 8 ,   a n   o b s e r v e r   a t  a 2 0 0 - f o o t   s i d e l i n e  
e x p e r i e n c e s   a n   i n c r e a s e   i n  PNL u n t i l  t h e  f a n   r e a c h e s   a n   a l t i t u d e  of about 
80 f e e t .  Beyond t h i s  p o i n t ,  PNL d e c r e a s e s   c o n t i n u a l l y   a s  t h e  f a n  rises. 
A t  80% speed the   po in t   o f  maximum PNL is a t  a l ower   a l t i t ude .  A t  t h e  2000- 
f o o t   s i d e l i n e ,  t h e  maximum PNL o c c u r r e d   a t  a 5 7 5 - f o o t   a l t i t u d e   f o r  95% and 
a t  a 5 1 0 - f o o t   a l t i t u d e   f o r  80%. 
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CONCLUSIONS 

It  has  been  shown  that  substantial  noise  reductions  can  be  obtained by 
proper  selection  of  fan  geometries  and  treatments. It is expected  that 
advanced  lift  fan  designs  can  be  within  the  noise  level  objectives  expected 
for  commercial V/STOL applications. The  significant  conclusions  that  can  be 
drawn  from  this  test  program  are: 

1. A vane/blade  ratio  greater  than  two  can  significantly  reduce  noise 
in  a  short  duct  lift  fan. 

2. The  split  vane  row,  which  had 90 vanes  in  the  annulus  tip  region 
and 45 vanes  in  the  annulus  hub  region,  has  been  shown  to  be a 
poor  acoustic  simulation  of  a  high  vane/blade  ratio  design.  The 
split  vane  row did not  reduce  fan  noise. 

3 .  Vane  lean  (nonradial  vanes)  has  been  shown  to  provide a  substantial 
reduction  in  lift  fan  noise. 

4 .  Changing  the  rotor-stator  spacing  of  the  45-vane  configuration  from 
0.15  chord  to 1 chord  significantly  reduced  fan  noise.  Increasing 
the  spacing  to  two  chords  provided  an  additional  smaller  noise  re- 
duction.  Using 90 leaned  vanes,  noise  reductions  were  obtained  up 
to a 2-chord  spacing. 

5 .  The  use  of  acoustic  treatment  on  the  fan  flowpath  walls  and on the 
circular  splitter  was  very  effective  in  reducing  fan  noise. 

6 .  Acoustically-treated  exit  louvers  reduced  aft  radiated  noise. 
Shielding  the  axial  gap  between  the  vanes  and  the  louvers  had  no 
significant  effect  on  the  noise  measurements. 

7 .  The  quietest  configuration  tested  was  with 90 leaned  vanes  at 2- 
chord  spacing  with  flowpath  and  louver  treatment.  This  configura- 
tion  reduced  the  fundamental  tone PWL by  19.6 dB, the  second  har- 
monic  tone PWL by  10.7 dB,  and  the  150-foot-arc PNL by 13.5 dB. 
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APPENDIX A 

EFFECTS  OF  CONFIGURATION  CHANGES ON PERFORMANCE 

Sources   of   Performance  Effects  

The new vane rows have some e x i t  swirl. T h i s  swirl is  n o t   i n h e r e n t  t o  
t h e   c o n f i g u r a t i o n   c h a n g e s   b u t ,   r a t h e r ,  was caused by va ry ing   t he   vane   o r i en ta -  
t i o n   a n g l e s   l i n e a r l y   w i t h   r a d i u s  t o  s i m p l i f y   s t a t o r   m a n u f a c t u r e  and  assembly. 
The new vane rows have   h igher   in le t   f low Mach numbers  because  of  the  reduced 
s t a t o r   i n l e t   a r e a   c a u s e d  by the   added   vanes ,   vane   s t i f fen ing   r ings ,   and  
a c o u s t i c  spl i t ter .  T h i s   e f f e c t  is n o t   i n h e r e n t  t o  t h e   c o n f i g u r a t i o n   c h a n g e s  
b u t ,   r a t h e r ,  i s  due t o  t h e   l i m i t a t i o n s  of w a l l   c u r v a t u r e   m o d i f i c a t i o n s  t o  t h e  
e x i s t i n g  LF336/A hardware. Vane s t i f f e n i n g   r i n g s   ( s e e   F i g u r e   1 2 )   a r e   r e q u i r e d  
in   shor t -chord   vane  rows for   mechanica l   reasons .   There  i s  a performance loss 
caused by  vane  and r i n g   i n t e r a c t i o n .  The a c o u s t i c   s p l i t t e r  was t r u n c a t e d   a t  
the   base   ( see   F igure   61)  t o  maximize  t reatment   length,   which  increases   base 
d r a g  loss. 

Measured Effects   on  Performance 

Table  V summarizes   the  measured  thrust   performance  for   the LF336/C tests.  
The t h r u s t   l o a d  c e l l  was c a l i b r a t e d  t o  measu re   t h rus t   fo rces   w i th in   1 /2   o f  1%. 
Performance  measurements of Table V a r e   w i t h i n  1% to  2%, due t o  measurement 
accu racy   o f   t h rus t ,   f an   speed ,   ambien t   cond i t ions   fo r   pe r fo rmance   co r rec t ions ,  
t r a n s i e n t  wind e f f e c t s ,   a n d   d a t a   p l o t t i n g   a c c u r a c y .  

Spacing - The LF336/A and  LF336/B tests showed t h a t ,   w i t h   t h e  45-vane 
s t a t o r ,   t h e r e  i s  no  measurable  performance loss due t o  increased   spac ing .  

S p l i t  Vane Row - LF336/C T e s t s  2 ,  6 ,  and 7 (see Table V) showed t h a t  
t h e  90/45-vane row reduced  fan  thrust   about  2.5%  below  the  45-vane LF336/C 
T e s t  1 base  case.   This   vane row was t e s t e d   w i t h  and   w i thou t   t he   acous t i c  
s p l i t t e r   ( T e s t s  2 and 7 ) ;   t h e r e  was  no  measurable  effect   on  performance. 
With t h e   s p l i t t e r   i n s t a l l e d ,   t h e   s p l i t   v a n e  row was t e s t ed   w i th   and   w i thou t  
acous t i c   t r ea tmen t   (Tes t s  2 and 6 ) ;   t h e r e  was  no  measurable   effect   on  per-  
f ormance. 

90 Radial  Vanes - The  90-vane row w i t h   n o   s p l i t t e r   ( T e s t  9) reduced 
f a n   t h r u s t   3 . 7 % ,   a b o u t  1% more than  did  the  90/45-vane row. With t h e   s p l i t t e r  
i n s t a l l e d   ( T e s t  31, t h e  90-vane row t h r u s t  was down  5.77%. The a d d i t i o n  of 
t h e   s p l i t t e r   i n   t h i s   v a n e  row, t h e r e f o r e ,   c a u s e d   a n   a d d i t i o n a l  2% loss. 

18 



90  leaned  Vanes - T e s t s  5,  8,  10, and 11 were compared. A t  1-chord 
spac ing   wi thout  a s p l i t t e r   ( T e s t  8 ) ,  t h e   t h r u s t  loss was 4.696, about 1% more 
t h a n   f o r   T e s t  9 wi th  90 rad ia l   vanes .  A t  0.15-chord  spacing  without a 
s p l i t t e r   ( T e s t  l o ) ,  a n   a d d i t i o n a l  2% loss was o b s e r v e d ,   i n d i c a t i n g   t h a t   t h e  
close spac ing   increased   the   f low  b lockage .  A t  2-chord  spacing  with  the 
a c o u s t i c   s p l i t t e r   ( T e s t s  5 and l l ) ,  t h r u s t  was down 8.5 t o  9.8% from  the  
45 -vane   base   ca se .   The   add i t ion   o f   t he   sp l i t t e r   qu i t e   obv ious ly   caused  
severe f low  blockage,  more seve re   t han  was t h e   e f f e c t  of close spac ing  
observed i n   T e s t  10. 

Acoust ic   Exi t   Louvers  - Comparing T e s t s  11 and  12,   the   addi t ion  of  
ex i t   louvers   had ,   wi th in   measurement   accuracy ,   no   e f fec t   on   per formance .  

Ef fec ts   o f   Acous t ic   Fea tures   on  Advanced  Fan Designs 

An i n c r e a s e   i n   s p a c i n g  i s  expected to  have  no s i g n i f i c a n t   e f f e c t   o n   f a n  
performance i n  advanced  fan  designs.  The i n c r e a s e   i n   s u r f a c e   a r e a   i n c r e a s e s  
s k i n   f r i c t i o n ,   b u t   t h i s   i n c r e a s e  i s  very  small .  An i n c r e a s e   i n  t h e  number  of 
vanes w i l l  a f fec t   per formance   on ly  i f  v a n e   m e c h a n i c a l   s t i f f e n i n g   r i n g s   a r e  
r equ i r ed .  The v a n e - r i n g   i n t e r a c t i o n  is expected  to   cause  between a 1 and 2% 
performance loss. Vane l e a n  is expected t o  have a smal l   e f fec t   on   per formance ,  
about 1%, due t o  t h e   r a d i a l   f l o w  component  introduced by  t he   l ean   ang le .  
A c o u s t i c   s p l i t t e r s  w i l l  a f fect   performance  due t o  i n c r e a s e d   s k i n   f r i c t i o n  
( v e r y   s m a l l   e f f e c t ) ,  and by base  drag loss (about  l%), i f   s p l i t t e r s   a r e  
t runca ted   a t   t he i . r   bases .   These   e s t ima ted   e f f ec t s   on   advanced   f an   des igns  
a r e   i n  some c a s e s  less than  those  measured i n   t h e  LF336/C tests because  of 
t h e   l i m i t a t i o n s  of   modi f ica t ions  t o  t h e   e x i s t i n g  LF336 f an .  

19 

I 



1. 

2. 

3. 

4. 

5. 

6 .  

7.  

8. 

9. 

10. 

11. 

12. 

RJ3FERENCES 

McCann, E.O.: LF336/A and W336/B Acoust ic   Tests   Data   Report .   General  
Electric Company TM 69-200, Apr i l   21 ,  1969. 

Kazin, S.B.: Resul t s   and   Analys is  of LF336/A Acoust ic   Test   Data .  
General  Electric Company TM 69-223, A p r i l  30, 1969. 

Kazin,   S.B.:   Results  and  Analysis  of LF336/B Acoust ic   Test   Data ,   With 
Comparison t o  t h e  LF336/A. General Electr ic  Company TM 69-243, 
May 1 2 ,  1969. 

McCann, E.O.; Volk, L . J . :  LF336/C Modification  and  Acoustic  Test   Program 
Data  Report   ( three  volumes).   General  E lec t r ic  Company TM 70-729, 
September, 1970. 

T y l e r ,  J.M. ; S o f r i n ,  T.G. : Axial  Flow Compressor Noise Studies .   1961 
SAE Aeronautic  Meeting, 345D. 

Benzakein,  M .  J, ; Kazin,  S.B. : Fan  Compressor Noise Reduction. ASME 
Paper 69-GT-9, March,  1969. 

Nemec, J.:  Noise of  Axial  Fans  and  Compressors:  Study  of I t s  Rad ia t ion  
and  Reduction, J. Sound Vib . ,  Vol. 6 ,  No. 2 ,  1967,  pp.  230-236. 

Lowson, M . :  Theoret ical   Studies   of   Compressor  Noise, NASA CR 1287, 
March,  1969. 

Shar land ,  I .  J. : Sources  of Noise i n   A x i a l  Flow Fans. J. Sound Vib. , 
Vol. 1, NO. 3 ,  1964,  pp.  302-322. 

Copeland, W .  L. ; C r i g l e r ,  J. L. ; Dibble ,  A.  C. : Contr ibut ion   of  Downstream 
S t a t o r  t o  t h e   I n t e r a c t i o n  Noise of a Single-Stage  Axial-Flow  Compressor. 
NASA TN D-3892, A p r i l ,  1967. 

Benzakein, M. J. ; Kazin,  S.B.: A T h e o r e t i c a l   P r e d i c t i o n  of Aerodynamically 
Generated Noise i n  Fans  and  Compressors.  Paper  presented a t   t h e  ASA 
Conference   in   Cleve land ,   Ohio ,  November,  1968. 

Standard  Values of Atmospheric  Absorption  as a Funct ion  of   Temperature  
and  Humidity f o r  Use i n   E v a l u a t i n g   A i r c r a f t   F l y o v e r  Noise. S.A.E. 
ARP 866, August 31, 1964. 

20 



TABLE I .  LF336/A LIFT FAN DESCRIPTION. 

Fan Pressure Ratio 

Fan  Tip  Diameter, inches 

Fan  Radius  Ratio 

Fan  Flow,   lbs / sec  

Bypass  Rat io 

Fan Tip   Speed ,  ft/sec 

RPM 

Tota l   Thrus t ,   Unvec tored ,   lbs  

B lade  Number 

Vane Number 

Blade-Vane  Axial   Spacing,  
e x p r e s s e d  i n  b l a d e   t i p   c h o r d s  

1 . 3 0  

3 6  

0.475 

218 

5.0 

950 

604 7 

5500 

42 

45 

.15  
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TABLE 11. TEST LOG 

F336/A 

9336/C 

- 
Test 

1 

2 

1 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 - 

Date 

1/69 

1/69 

2/69 

12/69 

1 /70 

1 / 7 0  

2/  70 

2/70 

3/70 

3/70 

3/70 

3/70 

6/70 

6/70 

1/70 

Vane R o w  

45 

45 

45 

45 

90145 

90 

90/45 

9O/L 

90145 

90145 

90/L 

90 

90/L 

9O/L 

9O/L 

spacing, 
Chords 

.15 

.15 

2 

1 

2 

2 

2 

2 

2 

1 

1 

1 

.15 

2 

2 

Acoustic 
Spl i t  ter 

No 

NO 

NO 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

NO 

No 

NO 

No 

Yes 

Yes 

Acoustic 
Treatment 

No 

No 

No 

No 

No 

No 

Yes 

No 

Yes 

No 

NO 

No 

NO 

Yes 

Yes 

Louvers 

No 

Yes 

No 

No 

No 

No 

No 

No 

No 

NO 

NO 

NO 

No 

NO 

Yes 

Remarks 

Baaepoint Configuration 

Non-ACOUStiC buvers  

~ ~~ 

Repeat of Test 4 

Acoustic Louvers 



" 

TABLE 111. 

SPINNING LOBE NUMBERS FOR 45 & 90 VANES WITH 42 BLADES 

45 Vanes 90 Vanes 

Integer  Lo be Integer  La be 
k Number m k Number m 

1 42 0 -3 

0 

- 138 2 87 -1 

132 -1 - 4 8  2 

- 4 8  1 42 
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TABU3 IV. SIDELINE PNL  EXTRAPOLATIONS 

LF336/A 
45 Vanes 
.15  Chord  Spacing 
No Treatment 
No Acoustic  Louvers 

LF336/C  Test 10 
90 Leaned Vanes 
.15 Chord  Spacing 
No Treatment 
No Acoustic  Louvers 

~~ ~ ~~~ 

LF336/C  Test 11 
90 Leaned  Vanes 
2  Chords  Spacing 
With  Treatment 
No Acoustic  Louvers 

LF336/C  Test 12 
90 Leaned Vanes 
2 Chords Spacing 
With  Treatment 
With  Acoustic  Louvers 

500 ' Sideline 

PHL 

112.6 

- 

107.5 

103.0 

101.6 

ANGLE 

1 20° 

110° 

1 1 0 O  

1 loo 

f 95% RPY 

PNL 

113.1 

- 

109.0 

104.4 

" 

1 
i 
i 

ANGLE 

1 loo 

1 loo 

goo 

" 

1000 ' Side1 ine 

PNL 

103.4 

98.6 

94.3 

93.5 

ANGLE 

1 20° 

1 1 0 O  

1 loo 

lloo 

I Extrapolations  assume  a  standard day  and  no  effect of the  ground plane. 

PNL 
- 

103.4 

~ 

99.6 

95.3 

" 

90 a 

" 
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TABLE V 

LF336/C Performance Summary 

ACOUSTIC  SPACING,  ACOUSTIC  THRUST * 
SPLITTER CHORDS LOUVERS CHANGE 

No 1 No 0 

No 1 No - 2 . 6 %  

Y e s  2 -2 .5% 

"" . . - - . 

No 

Yes 

1 

2 

No -3.7% 

- 5 . 7 %  
" - " ~~ 

No .15 No -6.6% 

No 1 -4 .6% 

Yes 2 - 8 . 5 %  

Yes 2 -9 .8% 
~~ ~ ~~~~~ 

Yes 2 No -9.8% 

Yes 2 Yes -10.2% 

* 
Percent  thrust   change  at   95%  fan RPM from t h e   b a s e  case, LF336/C 
T e s t  1 .  

25 



A 

t 

W 

A 

m 
1 I !  

Sect ion A-A 

Figure 1. LF336/A Lift Fan 



Figure 2 .  Test S i t e ,  Overhead V i e w  



Figure  3 .  T e s t   S i t e ,  Ground Level  View 1 



Figure 4 .  Test S i t e ,  Ground Level V i e w  2 
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Figure 5.  LF336 Tests, Front  View 



Figure 6 .  LF336 Tests, Rear View 
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Figure  7 .  Far-Fie ld  Noise Measurements 
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Figure 8. Acoustic Probes 
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Figure 10. Control Room, V i e w  1 
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Figure 13. Effec t  of Vane Number on Arc Fundamental SPL a t  95% RPM 
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Figure 14. Effect   of  Vane  Number on Arc Second Harmonic SPL at 95% RPM 
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Figure   15 .   Ef fec t   o f  Vane  Number o n  SPL Spectrum a t  100' Arc Angle   a t  95% RPM 
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Figure 16.  Effect of Vane Number on SPL Spectrum at  160' Arc Angle at 95% RPM 
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Figure 17. E f f e c t  of Vane Number on  Arc PNL a t  95% RPM 
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Figure 18. Effect of Split Vane Row on Arc Fundamental SPL at 95% RPM 
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Figure  19.   Effect of S p l i t  Vane Row on Arc Second  Harmonic SPL a t  95% RPM 
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Figure 20. Effect of S p l i t  Vane Row on SPL Spectrum at 100' Arc Angle at 95% RFM. 
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Figure 21. Effect of S p l i t  Vane Row on SPL Spectrum at 110' Arc Angle at 95% RPM. 
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Figure 22. Effect of S p l i t  Vane Row on SPL Spectrum at 140" Arc Angle at 95% RPM. 
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Figure 23 .  Effect of S p l i t  Vane Row on Arc PNL a t  95% RPM 
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Figure 24. Effect of Vane Lean on Arc Fundamental SPL at 95% RPM 
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Figure 27. Ef fec t   o f  Vkne Lean on Arc Second Harmonic SPL a t  95% RPM 
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Figure 28.  Effect of Vane Lean on In le t  Probe Second Harmonic SPL at 95% RPM 
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Figure 30. Ef fec t   o f  Vane Lean on SPL Spectrum at  110’ Arc -le a t  95% RPM 
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Figure 31. Effect of Vane Lean on SPL Spectrum at 120' Arc Angle at 95% RPM 
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Figure  33.   Effect   of  Vane Lean on Arc Fundamental SPL a t  80% RPM 
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Figure  34.   Effect   of  Vane Lean on  Inlet  Probe  Fundamental SPL a t  80% RPM 
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Figure 36. Effect   o f  Vane Lean on Arc Second Harmonic SPL at  80% RPM 
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8 

- Hub 
LF336/C Tests 3 & 5 
90 Vanes 
2 Chords  Spacing 

Splitter 

10 12 14  16  18 

Fan  Radius,  Inches 

Figure 3 8 .  Effect of Vane  Lean on Exhaust Probe Second  Harmonic SPL at 80% RPM 



m 
P 

100 

90 

80 

70 

60 

50 

40 

Frequency, KHz 

Figure 39. E f f e c t   o f  Vane Lean on SPL Spectrum a t  110' Arc Angle  at  80% RPM 
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Figure 40. Effect of  Vane Lean on SPL Spectrum a t  120° Arc Angle a t  80% RPM. 
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Figure 41. Effect of Vane Lean on Arc PNL at 80% RPM. 
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Figure 49.  E f f e c t  of Spacing on SPL Spectrum a t  110' Arc Angle a t  100% RPM 
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Figure 51. Effect   of   Spacing  on SPL Spectrum a t  130' Arc Angle a t  100% RPM 
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Figure  52.  Effect of Spacing  on SPL Spectrum at  140' Arc Angle a t  100% RPM 
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Figure   53 .   Ef fec t   o f   Spac ing  on SPL Spectrum a t  160' Arc Angle a t  100% RPM 
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Figure   54 .  Effect of Spacing on Arc Fundamental SPL at 95% RPM 
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Figure  55.   Effect   of   Spacing  on Arc Second Harmonic SPL a t  55% RPM 
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Figure  56. Effect of Spacing on SPL Spectrum a t  100' Arc Angle at 95% RPM. 
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Figure 57. Effect  of  Spacing  on SPL Spectrum a t  110* Arc Angle a t  95% R P M .  
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Figure  58. Effect on Spacing on SPL Spectrum a t  140' Arc Angle at 95% RPM. 
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Figure  59.   Effect   of   Spacing on Arc PNL at  95% RPM 



Figure 60. Two-Chords Spacing Hardware With Acoustic  Treatment 



Figure 61. Acoustic Splitter 



Figure 62. Acoustic S p l i t t e r   I n s t a l l e d  
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CD 
0 

8 

LF336/C Tests 5 & 11 
90 Vanes With 30’ Lean 

I 

I r Untr;ated 

10 12  14 16 

Fan Radius,  Inches 

18 20 

Figure 65 . E f f e c t   o f  Treatment  on  Inlet  Probe Fundamental SPL a t  95% RPM 
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Figure 6 9 .  E f f e c t   o f  Treatment  on Arc PNL at  95% RPM 
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Figure 70. Ef fec t   o f  Treatment  on SPL Spectrum a t  120' Arc Angle a t  95% RPM 
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Figure  71.   Effect   of   Treatment  on SPL Spectrum at   130"  Arc Angle  at   95% RPM. 
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Figure 72. Effect of Treatment on SPL Spectrum at 160' Arc  Angle at 95% RPM 
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Figure 73. E f fec t  of Treatment  on SPL Spectrum a t  60" Arc Angle a t  95% RPM 



100 

k 
k 
lu z 
70 

0 20 40 60 80 100 120 140 160 

150'  Arc Angle,  Degrees 

Figure 74. Ef fec t  of Treatment  on Arc Fundamental SPL a t  80% RPM 
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Figure 76. Ef fec t  of Treatment on Arc PNL a t  80% RPY 
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Figure 77 .  Effect  of  Treatment  on SPL Spectrum a t  110' Arc Angle a t  80% RPM 
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Figure 78. Effect of Treatment on SPL Spectrum at 120' Arc  Angle a t  80% RPM 
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Figure  79. Effect of Treatment  on SPL Spectrum at   130° Arc Angle   a t  80% RPM. 
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Figure 81. E f f e c t  of Acoustic  Louvers  on Arc Fundamental SPL a t  95% RPM 
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Figure 82. Ef fec t  of Acoustic  Louvers  on Arc Second Harmonic SPL a t  95% RPM 
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Figure  83.   Effect   of   Acoustic   Louvers  on Arc Fundamental SPL a t  80% RPM 
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Figure 84. Effect  of  Acoustic  Louvers  on Arc Second  Harmonic SPL a t  80% RPM 



I 

120 

-Without  Louvers 

0 0  
115 . 

s 
2 

L i  E 
P 

0 1 1 0  With - 
LF336/C Tests 1 1  & 12 
90 Vanes  With 30' Lean 
2  Chords Spacing 
With  Treatment 

0' b u v e r s  

105 I 

0 20 40 60 80 100 120  140 160 

150 ' Arc Angle, Degrees 

Figure 8 5 .  E f f e c t  of Acoustic  Louvers on Arc PNL at 80% RPIYI 

e 



110 

100 

90 

9 
80 

,. 
J ' 70 

F 
I- 

F 

60  

50 

40 

I I I 
LF336/C Tests 11 and 12  

..... ........ - With Louvers 2 Chord Spacing 

Without  Louvers 90 Leaned  Vanes 
I I 

Uncorrected Data 
- With Treatment 

Fundamental 

2nd Harmonic 

7 

0 1 2 3 4 5 6 7 8 9 10 
Frequency, KHz 

- 

Figure 86. Effect of Acoustic  Louvers on SPL Spectrum a t  110' Arc Angle at 80% RPM. 



LF336/C Test 1 2  

2 Chords  Spacing 
With Treatment 

-' 90 Vanes  With  30' Lean 

0 20 40 60 80 100 120 140 160 

150 ' Arc Angle,  Degrees 

Figure 87. Effec t  of Acoustic Louver End Pla tes   on  Arc Fundamental SPL a t  80% RPM 



90 

60 

With End P l a t e s  

- LF336/C Test  12 
90 Vanes  With 30' Lean 
2  Chords  Spacing 
With  Treatment 
0' Acoustic  Louver  Angle Forward  Quadrant PG-cuadrant PWL 

No End Pla tes   129 .6  dB No End Pla tes   122 .5  dB 
With End Plates   131.4 dB With End Plates   122.9 dB. 

0 20 40 60 80 100 120  140 160 

150 ' Arc Angle,  Degrees 

Figure 88.  Effect  of  Acoustic Louver End Plates   on Arc Second  Harmonic SPL a t  80% RPM 
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Figure 89. Effect of  Acoustic Louver End Plates on  Arc PNL at 80% RPM 
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Figure 90. Effect of Acoustic  Louver End P l a t e s  on SPL Spectrum a t  
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Figure 92. Effect of Acoustic Louver Angle on Arc Fundamental SPL a t  80% RPM 
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Figure 96. Effect of Acoustic  Louver Angle on SF% Spectrum at 200°  Arc Angle at 80% RPM 
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Figure 99. Arc PNL For Three Fan Configurations  at  95% RPM 
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Figure 102- Arc Second Harmonic SPL For  Four  Fan  Configurations at 80% RPld 
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Figure 103. Arc PNL For Four Fan Configurations a t  80% RPM 
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Figure 104. 200’ S i d e l i n e  PNL for Four Fan Configurations at 80% RPM 
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